Abstract
Using 586 pb −1 of e + e − annihilation data taken with the CLEO-c detector at √ s = 4170 MeV, the peak of the charmonium resonance ψ(4160), we analyze the decay ψ(4160) → π + π − J/ψ, and report observation of the charged state Z ± c (3900) decaying into π ± J/ψ at a significance level of > 5σ. We obtain M(Z ± c ) = 3886 ± 4(stat) ± 2(syst) MeV and Γ(Z ± c ) = 37 ± 4(stat) ± 8(syst) MeV, which are in good agreement with the results for this resonance obtained by the BES III and Belle Collaborations in the decay of the resonance Y(4260). We also present first evidence for the production of the neutral member of this isospin triplet, Z 0 c (3900) decaying into π 0 J/ψ at a 3.5σ significance level.
The BES III [1] and Belle [2] Collaborations have recently reported observation of a charged hadron Z ± c (3900) with mass ∼ 3900 MeV which decays into a charged pion and J/ψ. This is an important finding because a charged hadron decaying into a charmonium state plus a charged meson must contain at least four quarks. If confirmed, this observation would herald the possible existence of a family of other charged states in this mass region. Several charged hadrons were reported earlier by Belle in the charmonium and the bottomonium regions [3] , but not all have been independently confirmed, and some remain controversial.
The BES III observation [1] of Z ± c (3900) was made in e + e − annihilation at the vector resonance Y(4260), which is known to have unusual characteristics, and does not fit in the conventional spectrum of charmonium states. The Belle observation [2] was also made at Y(4260), which was populated by initial state radiation from 967 fb −1 of e + e − annihilations at the Υ(nS ) resonances. Clearly, it is very important to make an independent confirmation of the existence of Z ± c (3900), and to also determine if it is populated in e + e − annihilation at a resonance which, unlike Y(4260), has well established charmonium credentials, such as ψ(4160), the 2 3 D 1 state of charmonium. In this letter we report the results of our search for Z c (3900) [4] . We confirm the BES III and Belle observation of the charged Z ± c (3900), and report evidence for Z 0 c (3900), the neutral member of this isospin triplet.
We use 586 pb −1 of e + e − collision data taken at √ s = 4170 MeV at the CESR collider at Cornell University, with final state particles detected and identified in the CLEO-c detector, which has been described in detail elsewhere [5] .
Email address: kseth@northwestern.edu (Kamal K. Seth) We first present the results for our observation of Z ± c (3900) in the same decay chain as BES III and Belle,
but using CLEO-c data taken at √ s = 4170 MeV, on the peak of the well-known ψ(4160), the 2 3 D 1 charmonium resonance. For the reaction ψ(4160
− , we select events with 4 charged particle tracks with zero net charge. Tracks are reconstructed in the region with | cos θ tr | < 0.93, where θ tr is the polar angle, and are required to be wellmeasured and consistent with originating at the interaction point.
Charged particle tracks are first identified on the basis of their momenta. Leptons (e, µ) from the decay of J/ψ have momenta > 1 GeV, and pions have momenta < 1 GeV, which makes π/lepton separation easy. Pion candidates are additionally required to have energy loss in the drift chamber (dE/dx) consistent within 3σ with that expected for pions.
Muons are distinguished from the electrons based on the variable E CC /p, where p is the track momentum measured in the drift chamber and E CC is the energy deposited in the calorimeter associated with the charged particle track. 
termined efficiencies for decays containing µ ± are ǫ µ = 53%, and for decays containing e ± are ǫ e = 43%. To obtain Born cross sections, we correct the observed cross sections for the effect of initial state radiation (ISR) using the method of Bonneau and Martin [6] . The Born cross sections are determined as [7] , and the radiation correction factor C = 0.82. The cross sections are σ Born (µ ± ) = 9.1 ± 1.0(stat) pb, and σ Born (e ± ) = 7.9 ± 0.9(stat) pb, with the average value of σ Born (e + e − → π + π − J/ψ) = 8.4 ± 0.7(stat) pb. This is nearly 1/7 th of the cross section observed by BES III in decays of Y(4260). Fig. 1(c) shows the Dalitz plot distribution of M 2 (π + π − ) ver- 
.5σ 25 ± 7 3.2 ± 0.8 ± 0.6 3904 ± 9 ± 5 37 (fixed) 63 ± 21 ± 11
GeV 2 , and its reflection at ≈ 11 GeV 2 . The enhancement at ∼ 15 GeV 2 appears to be confined mostly to the M 2 (π + π − ) < 0.65 GeV 2 region. Fig. 1(d) shows the M(π + π − ) distribution corresponding to the M 2 (π + π − ) projection of the Dalitz plot of Fig. 1(c) . We note that our M(π We consider the maximum of M(π Fig. 2(a) . As noted before, the enhancement in the Dalitz plot of Fig. 1(c) Fig. 2 (b) and 2(c).
Both Fig. 2(a) , with no M 2 (π + π − ) cut, and Fig. 2(b) , for
shows no evidence for it. The M 2 (π + π − ) < 0.65 GeV 2 distribution has a factor two smaller background and no loss of signal counts compared to that for the whole distribution. It leads to a better resolution of the peak at M max (π ± J/ψ) ≈ 3900 MeV from the background. The event distributions in Figs. 2(a,b) are fitted with a background and a peak. We use Monte Carlo-determined phase space shapes for the backgrounds. As shown in the figures, the M max (π ± J/ψ) distribution for the J/ψ sidebands has a shape which is similar to the shape of the phase space distribution, but is only about half of the observed background in Figs. 2(a) and 2(b). The peak shape was obtained by convolving the MC determined instrumental width of 3.6 MeV with a Breit-Wigner resonance. The normalization of the background, the position of the peak, its width, and its magnitude were kept free in the fit. The fits are binned likelihood fits with no interference assumed between the resonance and the background. The results of the fits in Figs. 2(a) and 2(b) are listed separately in Table II . For both M(Z ± c ) and Γ(Z ± c ) our results agree with those of BES III and Belle. We determine the significance of the peaks by using the difference in likelihoods between fits with and without the peaks, taking into account the difference in degrees of freedom between the two fits. The significance of the peak for 3 degrees of freedom is 5.4σ for all M 2 (π + π − ) events in Fig. 2(a) , and 6.0σ for M 2 (π + π − ) < 0.65 GeV 2 events in Fig. 2(b) .
The Z ± c state decaying into J/ψπ ± has isospin I = 1. The identification of the neutral member of this "exotic" isospin triplet has not been reported by either BES III or Belle. We report here the evidence for Z are required to have a mass consistent with M(π 0 ) within 3σ. The π 0 candidates are then kinematically fitted by constraining the mass of the photon pair to the known M(π 0 ). Each event is required to have at least two π 0 candidates. The 4C kinematic fit is performed on all π 0 π 0 J/ψ candidates in the event, and the one with the smallest χ 2 is retained. As shown in Fig. 3(a,b) , we again see clear J/ψ peaks in the M(µ Fig. 3(a) has a small number of background events, and the π 0 π 0 e + e − spectrum in Fig. 3(b) has none. Monte Carlo simulations show that in absence of other charged particles, rejection of electron background in the π 0 π 0 e + e − spectrum is more than an order of magnitude more effective than in the sources of spectrum of Fig. 1(b) . This accounts for the absence of background counts in the π 0 π 0 e + e − spectrum of Fig. 3(b) . Fits to the spectra yield for the µ + µ − case M(J/ψ) = 3096.3 ± 2.1 MeV, N µ = 40 ± 8, and a resolution width of σ µ = 9.0 ± 2.0 MeV, and for the e + e − case M(J/ψ) = 3097.8 ± 1.5 MeV, N e = 29 ± 5, and a resolution width of σ e = 8.3 ± 1.1 MeV. The MC determined efficiency for decays containing µ ± is ǫ µ = 23% and for decays containing e ± is ǫ e = 18%. The cross sections σ Born (π 0 π 0 J/ψ), determined in the same manner as for the charged pion case are σ Born (µ ± ) = 6.1 ± 1.2(stat) pb and σ Born (e ± ) = 5.7 ± 1.0(stat) pb with the average σ Born (e + e − → π 0 π 0 J/ψ) = 5.9 ± 0.8(stat) pb. Figs. 4(a,b) . The peak at M max (π 0 J/ψ) ≈ 3900 MeV is seen in Fig. 4(a) for events with all M 2 (π 0 π 0 ), but it is much more clearly delineated in Fig. 4(b) for M 2 (π 0 π 0 ) < 0.65 GeV 2 because of a nearly factor two smaller background. Fig. 4(c) shows that there is no evidence for a peak anywhere for M 2 (π 0 π 0 ) > 0.65 GeV 2 . We fit the M max (π 0 J/ψ) distribution in Fig. 4 We have evaluated systematic uncertainties due to many sources. The sources which only contribute systematic uncertainties in cross sections are: luminosity (1%), B(J/ψ → l + l − ) (1%), radiative correction C (2%), and event reconstruction,
. In quadrature, these add to 5% for J/ψπ + π − and 10% for J/ψπ 0 π 0 . Additional sources and their contributions to systematic uncertainties are listed in Table III As seen in the Table II our For all M 2 (π + π − ) events, we obtain R(Z ± c ) = (32 ± 8 ± 10)%, in agreement with R(Z ± c ) = (22 ± 3 ± 8)% reported by BES III [1] , and (29±9)% reported by Belle [2] . For events with M 2 (π + π − ) < 0.65 GeV 2 , σ(e + e − → π + π − J/ψ) = 7.5 ± 0.8 pb, and R(Z ± c ) = (52 ± 12 ± 10)%, which is substantially larger. The reason for this difference is that in both BES II and Belle measurements, the cross section, σ(e + e − → π + π − J/ψ) in the denominator of the expression for R(Z ± c ) contains large contribution from f 0 (980), which lead to a small value of R. In our case, this contibution is small, and for M 2 (π + π − ) < 0.65 GeV 2 , almost zero. R(Z This investigation was done using CLEO-c data, and as members of the former CLEO Collaboration we thank it for this privilege. This research was supported by the U.S. Department of Energy.
